To investigate nitrogen assimilation and translocation in Zea mays L. colonized by the vesicular-arbuscular mycorrhizal (VAM) fungus Clomus fasciculatum (Thax. sensu Cerd.), we measured key enzyme activities, "N incorporation into free amino acids, and 15N translocation from roots to shoots. Clutamine synthetase and nitrate reductase activities were increased in both roots and shoots compared with control plants, and glutamate dehydrogenase activity increased in roots only. In the presence of ['5N]amm~ni~m, glutamine amide was the most heavily labeled product. More label was incorporated into amino acids in VAM plants. The kinetics of 15N labeling and effects of methionine sulfoximine on distribution of "N-labeled products were entirely consistent with the operation of the glutamate synthase cycle. No evidence was found for ammonium assimilation via glutamate dehydrogenase. ''N translocation from roots to shoots through the xylem was higher in VAM plants compared with control plants. These results establish that, in maize, VAM fungi increase ammonium assimilation, glutamine production, and xylem nitrogen translocation. Unlike some ectomycorrhizal fungi, VAM fungi do not appear to alter the pathway of ammonium assimilation in roots of their hosts.
It is generally accepted that the roots of higher plants assimilate ammonium via the GOGAT cycle (Rhodes et al., 1989) . A major complicating factor in understanding nitrogen assimilatory processes in roots is that almost a11 plant root systems are in some form of association with fungi. However, much current experimental work is carried out with axenic roots and may have little relevance to the performance of root systems in the field.
Although the role of mycorrhizal fungi in phosphorus nutrition of their hosts is well established, their significance with respect to nitrogen nutrition is less clear (Bowen and Smith, 1981) . VAM, ericoid, orchid, and ectomycorrhizal fungi have a11 been suggested to play a role in nitrogen acquisition. Studies of nitrate and ammonium ion transport by ectomycorrhizal roots suggest enhancement of uptake (Alexander, 1983) , the funga1 hyphae increasing the effective J.B.C. was supported by the Agricultura1 and Food Research Council, I'olans House, North Star Avenue, Swindon SN2 lUH, United Kingdom.
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* Corresponding author; fax 3331455600. 865 volume of soil exploited by plant roots. More significantly, ericoid mycorrhiza may increase nitrogen input through exploitation of otherwise unavailable organic nitrogen sources in soil or litter (Abuzinadah et al., 1986) . There is clear evidence that ectomycorrhization of roots may bring about considerable modification of nitrogen metabolism of host roots, and, depending on the species of fungi forming the association, the characteristics of nitrogen acquisition and assimilation may differ. In the Picea excelsia-Hebeloma sp.
association, ammonium assimilation occurs through GDH (Chalot et al., 1992) , whereas in beech ectomycorrhizae this occurs via the GOGAT cycle (Martin et al., 1988) . Although the classic investigation by Sims and Folkes (1964) demonstrating net ammonium assimilation in the yeast, Candida utilis, through NADP-linked GDH has been confirmed by work on the ectomycorrhizal fungus Cenococcum graniforme (Genetet et al., 1984; Martin et al., 1988) , there is now evidence that some fungi can assimilate ammonium through the GOGAT cycle. Mutant strains of Neurospora crassa (Dunn-Coleman et al., 1981) and Hebeloma cylindrosporum (Wagner et al., 1988) , which lack detectable NADP-GDH, are able to grow on ammonium ions as a sole nitrogen source, suggesting an assimilatory pathway other than that catalyzed by NADP-GDH. NADH-GOGAT has been reported in some fungi, including Saccharomyces ceievisiae (Roon et al., 1974) , Neurospora crassa (Hummelt and Mora, 1980) , and Laccarin bicolor (Vezina et al., 1989) . In a recent study of the ectomycorrhizal fungus Pisolithus tinctorius, kinetics of 15N labeling and effects of MSX (an inhibitor of GS) and azaserine (an inhibitor of GOGAT) on distribution of I5N-labeled products were entirely consistent with the operation of the GS/GOGAT cycle (Kershaw and Stewart, 1992) . No evidence was found for ammonium assimilation via GDH.
There has been less work on nitrogen metabolism in plants colonized by VAM fungi, and little is known of the nitrogen assimilatory pathways in these fungi. Ames et al. (1983) demonstrated increased uptake and translocation of 15N following colonization of celery with Glomus mosseae (Nicol. and Gerd.) . Oliver et al. (1983) showed that NR activity increased in VAM-colonized Trifolium, and Smith et al. (1985 ) Plant Physiol. Vol. 101, 1993 found that GS increased in Allium cepa L. colonized by G. mosseae. The contribution of the funga1 partner is not known.
In the present investigation, the following questions were addressed: (a) What are the effects of the VAM fungus G. fasciculatum (Thax. sensu Gerd.) on enzymes involved with primary nitrogen assimilation in Zea mays L.? (b) 1s there a qualitative modification of the plant pathway of nitrogen assimilation? (c) Does symbiosis increase the flux of nitrogen from roots to shoots in mycorrhizal plants?
MATERIALS A N D METHODS

Plant and Fungus Material
The VAM fungus Glomus fasciculatum (Thax. sensu Gerd.) Gerdemann and Trappe was obtained from the Department of Soil Science, Rothamsted Experimental Station, and used to infect Zea mays L. cv LG 20-80. Inoculum material was prepared from 6-week-old colonized onions by cutting small pieces of roots and mixing them in autoclaved sand in which pregerminated seeds were planted. Plants were grown in a growth chamber with a 16-h day at 26OC and a 8-h night at 20OC. The nutrient solution used was 20% Long Ashton enriched in phosphorus and nitrogen according to the procedure of Koide and Li (1990) . The content of chitin used as a measure of endomyconhizal colonization was determined according to the method of Bethlenfalvay et al. (1981) . This was 0.51 mg g-' fresh weight after 6 weeks, i.e. 15 mg of harvested mycellium g-' fresh weight. For a11 studies except that on NR, 6-week-old plants were harvested, and the roots and shoots were separated, weighed, immersed in liquid nitrogen, stored at -8OoC, and analyzed within 48 h.
Enzyme Extraction and Assays
Plant tissue, 0.5 g fresh weight of each organ, was ground in liquid N2 and extracted in 5 mL of buffer. The GS/GDH extraction buffer (pH 8.0) contained 25 m~ Tris, 1 mM EDTA, 1 m~ DTT, 1 mM reduced GSH, 10 mM MgS04, 5 mM Glu, 1% PVP, and 0.5% Nonidet P-40. After centrifugation, the supematants were used for enzyme and soluble protein assays described below.
GS (EC 6.3.1.2) was determined by the transferase assay (Shapiro and Stadtman, 1970) . The reaction mixture contained 80 pmol of Mes, 60 pmol of L-Gln, 25 pmol of Na2As04, 2.5 pmol of hydroxylamine, 2 pmol of MnCIz, and 15 pmol of ADP (final pH 7.6). The reaction was initiated by addition of 0.10 mL of enzyme extract and terminated after 10 min for shoots and 20 min for roots by addition of 1 mL of femc chloride reagent. After the mixture was centrifuged, A500 was determined.
GDH (EC 2.6.1.53) was assayed by determining the rate of 2-oxoglutarate NADH or NADPH oxidation. The reaction mixture contained 150 pmol of NH4CI, 1 pmol of CaClz, 0.3 pmol of NAD(P)H, 20 pmol of 2-oxoglutarate, and 100 pmol of Tris buffer (final pH 8.2 and final volume 1 mL). NR activity was measured by the in vivo assay (Stewart and Orebamjo, 1979 ) from small pieces of roots or leaf discs.
AI1 enzyme assays were carried out at 3OoC and were linear with respect to length of incubation time and quantity of enzyme assayed. Soluble protein was determined by the Bradford assay (Bradford, 1976) .
"N-Labeling Studies
After the plant material was nitrogen starved for 2 d, 50 mL of nutrient solution, 4 m~ in "NH4+ (96.5% enriched; VEB, Berlin, Germany), was added to each pot. For the xylem exudate study, 99% enriched 15NH4+ (Merck, Sharpe, and Dohme Isotope, Montreal, Canada) was used. When needed, MSX, albizzin, or AOA was added to pots at a concentration of 5 m~, 2 h before addition of "NH4CI. Plants were sampled, washed with distilled water, blotted dry, weighed, and fixed in liquid N1 2, 4, or 8 h after the beginning of labeling.
Total lncorporation and Translocation of N
Total insoluble nitrogen and 15N proportions were determined from dry material by the technique of automated 15N/ 13C analyzer-MS using a Europa Scientific Roboprep-Tracermass system as described previously (Robinson et al., 1991) . Samples (5 mg) were analyzed in triplicate.
For xylem-sap collection, shoots were cut 10 to 20 mm above the ground, and sap exuding from the roots was collected during an 8-h period in capillary tubing.
Extraction and Purification of Amino Acids
Samples (1-2 g) were ground in liquid NZ and extracted in 10 mL of extraction medium consisting of methano1:dichloromethane:water (1 2:5:3, v/v/v). The homogenate was centrifuged at 10,OOOg for 20 min. The pellet was extracted twice, and the supernatants were combined. Addition of 5 mL of methylene chloride and 5 mL of distilled water induced phase separation, which took place overnight.
The methanokwater fraction was then collected and dried under vacuum using a rotary evaporator and redissolved in 1 mL of distilled water. Half of this solution was passed through a 0.45-pm FP Vence1 filter (Gelman Sciences Ltd., Northampton, UK) and used for HPLC after dilution.
Aliquots of 0.5 mL were applied to BioRex sample preparation discs with AG 50W-X8 cation exchange resin (Bio-Rad, Richmond, CA) and washed with 5 mL of distilled water; amino acids and amides were eluted with 5 mL of 6 M NH40H. The amino acid fraction was lyophilized and redissolved in 1 mL of 50% methanol. Purified extract (0.5 mL) was taken directly into a silanized vial, dried under nitrogen, and derivatized with N-methyl-N-(tert-butyldimethylsily1)-trifluoroacetamide (Pierce Chemical Co.) as described by Rhodes et al. (1989) . The derivatizing mixture (50 pL), Nmethyl-N-( tert-butyldimethylsilyl-trif1uoroacetamide:pyridine:triethylamine (15:15:1, v/v/v), was added to the dry samples, heated at 75OC for 30 min, and used for GC-MS.
HPLC Determination of Amino Acid Pools
The amino acids were determined as o-phthaldialdehyde derivatives on a Cls column on a Kontron instrument as described previously (Robinson et al., 1991) . Homoserine was used as an interna1 standard, and a 40-pL sample was derivatized with 60 pL of working reagent. After 2 min, 8 pL of the derivatized sample was injected. The gradient was produced using two eluents: A, 0.1 M phosphate buffer (pH 8.3) with 20 mL/L of methanol and 20 mL/L of tetrahydrofluoran; B, 65% methanol. Eluents were filtered and degassed with He before use.
CC-MS Analysis of "N-Amino Acid Derivatives
Incorporation of "N into amino acid was determined by GC-MS analysis of tert-butyldimethylsilyl derivatives with a VG305 mass spectrometer linked to Teknivent Vector 2 Data System (St. Louis, MO). A sample of 0.5 pL was run on a Varian 3400 gas chromatograph, with an on-column injector cooled with C02 and fitted with a 25-m polydimethyl, 0.25-pm film thickness, fused silica capillary column. He was used as a carrier gas with a flow rate of 1 mL/min, and the oven was temperature programmed from 12OOC for 1 min to 28OoC, +4OC/min. Mass spectra were acquired with an electron energy of 70 eV, and the mass range scanned from mass to charge ratios 650 to 100 with a total scan time of 3.2 s.
Incorporation of '5N (atom percentage excess) was calculated after integrating the areas obtained for fragment ions for both labeled and unlabeled amino acids. tert-Butyldimethylsilyl derivatives allow the determination of the total amount of I5N incorporated into Gln and Asn and the proportion of the amides that are singly and doubly labeled.
To determine the I5N label in both the amide-N and the amino-N, a second derivative was prepared as follows. The remaining 0.5 mL of the amino acid extract was separated into neutralbasic and acidic amino acids by Dowex 1-acetate ion exchange chromatography. The neutra1 and basic amino acid fraction was lyophilized, redissolved in 50% methanol, dried under nitrogen, and derivatized as the N (O, S)-heptafluorobutyryl isobutyl esters (Rhodes et al., 1989) . On preparation of these derivatives, amide groups of Gln and Asn are lost to form Glu and Asp, respectively. GC-MS then allows direct determination of amino-N of Gln (analyzed as Glu) as described previously (Rhodes et al., 1989; Robinson et al., 1991) . The 15N label in amide-N of Gln was then calculated by difference.
RESULTS
Enzyme Activities
The buffer-soluble protein concentration was very low in roots (between 0.64 and 0.71 mg g-' fresh weight) and was 
similar in a11 treatments (Table I ). In shoots, colonization by G. fusciculatum slightly increased the buffer-soluble protein concentration. NR activity was in the range of 0.06 to 0.10 pmol of nitrite produced h-' g-' fresh weight in roots and 0.14 to 0.24 pmol of nitrite produced h-' g-' fresh weight in shoots. This activity was found to be higher in both organs for VAM plants compared with control plants. GS activity was twice as high in VAM plants compared with control plants, in both roots (Table I , from 61-1 11 pmol of hydroxamate produced h-' g-' fresh weight) and shoots (from 92-183 pmol of hydroxamate produced h-' g-' fresh weight). NADPH-dependent GDH activity was increased by VAM fungus colonization but remained very low compared to NADH-dependent activity. This latter activity was 4-fold higher in VAM roots than in control roots. Mycorrhizal colonization did not affect shoot GDH activity (Table I) .
Free Amino Acid Pool
Four hours after addition of NH4+, the total amino acid concentration in roots was higher in VAM plants compared with control plants (Table 11 ). Major components of the free amino acid pool were Gln (between 45 and 48% of total), Glu, Ala, Ser, Asp, and GABA. These amino acids were between 2-and 3-fold more concentrated in VAM roots. The greatest difference was obtained for Val and Ser (33 and 56 nmol g-' fresh weight in control plants, respectively, and 146 and 203 nmol g-' fresh weight in VAM plants, respectively), whereas no difference was obtained for Gly and Thr.
Pattern of 15N Labeling in Amino Acids
Incorporation of 15NH4+ in amino acids was followed for 8 h and analyzed by GC-MS. Gln was the main sink for 15N; the unlabeled pool was small and decreased after 4 h (Fig.   1A ). More 15N was incorporated into amide-N than amine-N (after 2 h, control: 414 versus 313 nmol, respectively; VAM: 543 versus 263 nmol, respectively) (Fig. 1B) . Both amide and amino 15N incorporation into Gln were higher in VAM plants (Fig. 1) . Eight hours after addition of 15NH4+, total 15N incorporation into Gln was 876 nmol (381 nmol of amino plus 495 nmol of amide; Fig. 18 ) in control roots compared with 1408 nmol(635 nmol of amino plus 773 nmol of amide) in VAM roots. Accumulation of 15N-Gln occurred up to 4 h in colonized roots, in contrast with control roots, in which no further accumulation was detected after 2 h.
There was active incorporation of "N into Glu, Ala, GABA, Ser, Asp, and Val (Fig. 2) . 15N incorporation into Glu occurred only during the first 2 h and was higher in VAM plants. A higher ' ' N incorporation in roots colonized by G. fasciculatum was observed for most of the other amino acids. The greatest difference was observed with Ser and Ala. The "N incorporation was much higher between 2 and 4 h for Ala and Ser in VAM plants than that in control. Eight hours after the beginning of the experiment, 7 and 30 nmol of I5N were incorporated in Ser and Ala in control plants compared with 45 and 108 nmol, respectively, for colonized plants.
Pattern of 15N Labeling after Enzyme lnhibition
When 5 m MSX was provided 2 h before lsNH4+, the Gln proportion in the total amino acid pool was much smaller (between 10 and 14% of total amino acids). 15N incorporation was completely inhibited for a11 of the amino acids (Table  111) . When the GOGAT inhibitor albizzin was added, 15N incorporation was greatly reduced in a11 amino acids, but some labeling of Gln occurred. However, 5 to 6% labeling was still obtained in Glu ( Table 111 ). The labeling was very low in Ala and Asp and nil in the other amino acids. The treatment with AOA resulted in an incorporation of 15N into Gln and Glu only. The Gln labeling was greatly reduced by the AOA treatment in both control and colonized plants. With the three inhibitor treatments, we failed to observe any difference in the pattern of 15N labeling between the VAM plants and the control plants.
N Translocation
Gln accounted for 92% of total amino acids exuded from decapitated stem during an 8-h period in control plants and 96% in plants colonized by G. fasciculatum (Table IV) . With both treatments, about 4% of the Gln was single labeled and 92% was double labeled. The quantity of Gln collected from VAM plants was nearly twice that from control plants (1952 compared with 11 11 nmol).
Mycorrhizal colonization did not affect total nitrogen incorporation or the quantity of newly assimilated nitrogen, but colonized plants translocated more nitrogen to their shoots than control plants (Table V) . The proportion of nitrogen assimilated and allocated to the shoots during the 8-h labeling period was 18.4% for control plants and 28.4% for G. fasciculatum-colonized plants.
The amount of nitrogen translocated to shoots in the form of newly synthesized Gln (originating from the 99% 15N-enriched NH4+ source), calculated from the results in Table  IV , was 32 pg for the control plants and 55 gg for VAM plants. However, nitrogen received by the shoots (originating from the 96.5% 15N-enriched NH4+ source), calculated from the results in Table V , was 198 pg for control plants and 344 pg for VAM plants. The quantities of nitrogen actually received by control and VAM shoots were 6.19-and 6.25-fold greater than the values calculated on the basis of the xylem exudate method. This discrepancy seems likely to reflect a large reduction in xylem flux following decapitation and, perhaps, changes in the availability in carbon skeletons because root metabolism responds to this decapitation (Pate and Layzel, 1990) . Nevertheless, both direct determination of nitrogen partitioning to shoots and analyses of xylem sap demonstrate increased allocation of nitrogen in VAM maize plants. 
DlSCUSSlON
The greater NR and GS activities in VAM maize roots confirm previous observations made on A. cepa (onion) and Trifolium subterraneum (clover) (Oliver et al., 1983; Smith et al., 1985) . The increases of both enzymes in maize shoots are similar to those found for T. subterraneum (Smith et al., 1985) and Vigna radiata (Thapar et al., 1990) . This enhancement of key enzymes of inorganic nitrogen assimilation is in contrast to results obtained for plants colonized by ectomycorrhizal fungi or colonized by pathogenic fungi. In jack pine (Pinus banksiata) roots, colonization by the ectomycorrhizal fungi P. tinctorius and L. bicolor brought about decreases in NR, GS, and GDH activities (Vezina et al., 1989) , and in maritime pine (Pinus pinaster), colonization by the ectomycorrhizal fungus H. cylyndrosporum also resulted in decreased NR activity on a fresh weight basis (Scheromm et al., 1990) . Infection of barley leaves by the pathogen Eysiphe graminis f. sp. hordei resulted in lower NR activity but enhanced GS and GDH activities (Sadler and Scott, 1974; Murray and Ayres, 1986b) .
The presence of NADP-GDH, characteristic of fungi (Sims and Folkes, 1964) , indicates that colonized maize roots have the potential for nitrogen metabolism through the fungal pathway. These maize VAM roots differ from those of onion and clover (Smith et al., 1985) in having high levels of NAD-GDH activity.
Although maize roots colonized by G. fasciculatum had high levels of NAD-and NADP-GDH, results of I5N-labeling studies with the specific enzyme inhibitors were clearly indicative of NH4+ assimilation through the GOGAT cycle and provided no evidence that either form of GDH makes a significant contribution to NH4+ assimilation in VAM roots.
Gln was the major labeled product following ''NH,+ assimilation. In colonized roots, Gln amide-N was more enriched than Gln amino-N, although this difference was not so apparent in noncolonized roots. The amino-N of Gln was more enriched than that of Glu ( Table III) , suggesting that the precursor Glu pool that was used for Gln synthesis is more enriched that the bulk Glu pool. The 15N labeling of Glu and Gln was similar in control and colonized plants after 2 h, implying that the fungal amino acid pools were small with respect to those of the plant. Incorporation of 15N into Glu was completely inhibited in the presence of the GS inhibitor MSX. This is inconsistent with assimilation through either NADP-or NAD-GDH. The greatly reduced proportion of labeled Gln in roots treated with azaserine (inhibitor of amide transferase reaction) is consistent with the synthesis of Glu via GOGAT. These results are similar to those obtained on beech ectomycorrhizae (Martin et al., 1986) but contrast with those for spruce-Hebeloma sp. association in which NH4+ assimilation has been shown to occur through GDH (Chalot et al., 1992) .
The presence of large amounts of Ala and Ser in VAM roots suggests high transaminase activities, and this is supported by the effect of AOA (an aminotransferase inhibitor) on the pattem of I5N labeling. AOA completely inhibited the labeling of amino acids other that Glu and Gln. AOA reduced the labeling of Gln and brought about a very marked reduction in the proportion of double-labeled Gln molecules. This suggests that AOA inhibits the supply of 2-oxoglutarate to the GOGAT cycle. This result contrasts with those obtained for P. tinctorius, which have shown that AOA treatment increased the ratio of double-or single-labeled Gln (Kershaw and Stewart, 1992) . It was suggested that in this fungus Glu derived from aminotransferase activity made a substantial contribution to the Glu pool from which the Gln was synthesized. Rhodes et al. (1989) , working with the higher plant Lemna minor, found similar effects of AOA as those reported here, suggesting the possibility that in VAM roots it is the higher plant's aminotransferases that are inhibited by AOA.
The present study has shown that in VAM roots higher GS activity is accompanied by increased amino acid synthesis and an increase in "N-Gln translocation through the xylem. In other symbiotic or pathogenic associations there are conflicting reports concerning the effect of the fungi on the plant nitrogen translocation. Murray and Ayres (1986a) showed that Hordeum vulgare colonized by E. graminis exported less nitrogen from roots to shoots, and a similar decrease was reported for the pitch pine-P. tinctorius association (Cumming, 1990 ). In contrast, xylem translocation of reduced nitrogen in maritime pine seedlings was not affected by colonization by H. cylyndrosporum (Scheromm et al., 1990) . In the present work, 40 and 50% of the 15N incorporated into Gln in control and colonized plants, respectively, is translocated via the xylem. Labeled Gln accounts for 92 to 95% of label in the xylem, and 92% of this Gln is double labeled. This indicates that in both control and colonized plants the bulk of the xylem amino-N is newly synthesized. There is little evidence from our results of a high leve1 of recycled nitrogen in the xylem as it has been reported for wheat (Cooper et al., 1986) , in which up to 60% of amino acids translocated during a 2-h labeling period were recycled. In our experiment, the 2-d nitrogen starvation period before the labeling may have reduced the xyIem "storage" pools. Ames et al. (1983) demonstrated uptake and translocation of "NH4+ in external G. mosseae hyphae, and Smith et al. (1985) showed by separating enzymically fungal and plant tissue that G. mosseae contributed directly to GS activity in onion roots. The present work establishes that VAM fungi increase ammonium assimilation, Gln production, and xylem nitrogen translocation in maize. This work also eliminates any significant assimilatory role for fungal GDH, but it does not allow a distinction to be made between the contribution of fungal and plant GS. Determination of 15N enrichment of amino acids into fungal tissue would allow an evaluation of the fungal contribution to the GOGAT cycle. However, the amount of fungal tissue (external and interna1 to the roots) needed for these analyses makes this approach difficult to perform. Until detailed labeling in situ is complete, the question of whether or not the fungal symbiont assimilates a significant part of the newly absorbed ammonium ions will remain unanswered.
